Whole-plant carbohydrate partitioning involves the assimilation of carbon in leaves and its translocation to nonphotosynthetic tissues. This process is fundamental to plant growth and development, but its regulation is poorly understood. To identify genes controlling carbohydrate partitioning, we isolated mutants that are defective in exporting fixed carbon from leaves. Here we describe psychedelic (psc), a new mutant of maize (Zea mays), that is perturbed in carbohydrate partitioning. psc mutants exhibit stable, discrete chlorotic and green regions within their leaves. psc chlorotic tissues hyperaccumulate starch and soluble sugars, while psc green tissues appear comparable to wild-type leaves. The psc chlorotic and green tissue boundaries are usually delineated by larger veins, suggesting that translocation of a mobile compound through the veins may influence the tissue phenotype. psc mutants display altered biomass partitioning, which is consistent with reduced carbohydrate export from leaves to developing tissues. We determined that the psc mutation is unlinked to previously characterized maize leaf carbohydrate hyperaccumulation mutants. Additionally, we found that the psc mutant phenotype is inherited as a recessive, duplicate-factor trait in some inbred lines. Genetic analyses with other maize mutants with variegated leaves and impaired carbohydrate partitioning suggest that Psc defines an independent pathway. Therefore, investigations into the psc mutation have uncovered two previously unknown genes that redundantly function to regulate carbohydrate partitioning in maize.
INTRODUCTION
Carbon fixation and utilization underpin all aspects of plant biology. Carbon fixed in the photosynthetic tissues must be properly sensed, translocated, allocated and utilized to ensure proper growth, development and reproduction. When any one aspect of carbohydrate partitioning is disrupted, yield is usually affected (MOORE et al. 2003; LU and SHARKEY 2004; NIITTYLA et al. 2004; SRIVASTAVA et al. 2008) . Selective breeding has led to crop domestication and yield improvements, but the pathways responsible for these modifications in the context of carbon partitioning have not been well characterized (WHITT et al. 2002) . The regulation of carbon partitioning in plants is likely to be complex and encompass multiple steps, including allocation into soluble sugars versus insoluble starch, use for cellular metabolism versus sugar export, and local utilization for organ growth versus long-distance partitioning to sustain nonphotosynthetic tissues (WARDLAW 1990; CHENG et al. 1996; KOCH 1996; HANNAH 2005; ZEEMAN et al. 2007; BRAUN and SLEWINSKI 2009) . However, little is known about the control of whole-plant carbohydrate partitioning or the signal transduction pathways regulating sucrose transport across cellular membranes (CHIOU and BUSH 1998; LALONDE et al. 2004; TURGEON 2006; SAUER 2007; SMITH and STITT 2007; SLEWINSKI and BRAUN 2010) .
Maize is a well established model organism for studies of carbon physiology and sucrose transport in plants ( EVERT et al. 1978; HEYSER et al. 1978; EVERT 1980; HEYSER 1980; KALT-TORRES et al. 1987; NOLTE and KOCH 1993; SLEWINSKI et al. 2009 ). Although the pathway for carbon movement in maize leaves has been studied for more than 40 years, little is known about its regulation (HOFSTRA and NELSON 1969; BRAUN and SLEWINSKI 2009 (RUSSELL and EVERT 1985) . Large veins contain metaxylem vessels and hypodermal sclerenchyma that connect the vein to both the adaxial and abaxial epidermis. Intermediate veins lack metaxylem vessels but contain hypodermal sclerenchyma subtending one or both epidermal surfaces. Small veins lack metaxylem vessels and hypodermal sclerenchyma. Small and intermediate veins, collectively referred to as minor veins, primarily function in sucrose uptake into the phloem from the photosynthetic cells (FRITZ et al. 1983 ) and intergrade into the large veins toward the base of the leaf blade (RUSSELL and EVERT 1985) . In contrast, the large veins are principally involved in long-distance transport (FRITZ et al. 1989) .
Maize utilizes C 4 carbon assimilation and displays Kranz anatomy in its leaves: mesophyll cells encircle bundle sheath cells, which in turn surround the vein (ESAU 1977; EDWARDS et al. 2001) . Sucrose, the translocated form of carbohydrate, is synthesized in the mesophyll cells (LUNN and FURBANK 1999) and diffuses symplastically through plasmodesmata, intercellular channels connecting adjacent plant cells, into the bundle sheath cells and then into the vascular parenchyma cells . By an unknown mechanism, sucrose is transported out of the vascular parenchyma cells into the apoplast HEYSER 1980; SLEWINSKI et al. 2009 ). Sucrose transporters located in the plasma membrane of companion cells and/or sieve elements import sucrose from the apoplast, actively concentrating it within phloem tissue for long-distance transport to other parts of the plant (LALONDE et al. 2004; SAUER 2007) .
Characterization of mutants that display abnormalities in carbohydrate partitioning represents one approach to identifying genes that function in this process. To date, only four maize mutants that hyperaccumulate carbohydrates within their leaves and that function 6 independently of starch metabolism have been reported: sucrose export defective1 (sxd1), tiedyed1 (tdy1), tie-dyed2 (tdy2), and sucrose transporter1 (sut1) BLAUTH et al. 2001; PROVENCHER et al. 2001; DINGES et al. 2003; BRAUN et al. 2006; BAKER and BRAUN 2008; SLEWINSKI et al. 2008; SLEWINSKI et al. 2009 ). sut1 mutant leaves are uniformly chlorotic, whereas the other three mutants are unique in that they form both normal-appearing green and chlorotic leaf regions, the latter of which hyperaccumulate starch and soluble sugars. All four mutants hyperaccumulate starch in both the bundle sheath and mesophyll cells, whereas wildtype plants normally contain starch only in the bundle sheath cells (RHOADES and CARVALHO 1944) . Additionally, all four mutants show reduced plant stature, delayed reproductive maturity and diminished reproductive tissues. Retention of carbohydrates in chlorotic leaf tissues is thought to cause these phenotypes.
Although variegated, the sxd1 mutant phenotype differs from the tdy mutants. sxd1 mutant phenotypic expression begins at the leaf tip and progressively spreads to the base as the leaf ages PROVENCHER et al. 2001) . Sxd1 encodes tocopherol cyclase, which functions in vitamin E biosynthesis (SATTLER et al. 2003) . Vitamin E deficiency leads to ectopic callose deposition, which occludes plasmodesmata specifically at the bundle sheath-vascular parenchyma cell interface, thus blocking symplastic sucrose transport upstream of sucrose release into the apoplast BOTHA et al. 2000) .
In contrast to sxd1 mutants, the variegation pattern in tdy mutant leaves becomes visible upon leaf emergence from the whorl and remains fixed throughout the life of the leaf (BRAUN et al. 2006; BAKER and BRAUN 2008) . tdy mutant leaves develop large, nonclonal, chlorotic regions that violate cell lineage patterns of maize leaf development (POETHIG and SZYMKOWIAK 1995; BRAUN et al. 2006; BAKER and BRAUN 2007; BAKER and BRAUN 2008) . Hence, it was proposed 7 that the Tdy genes may function as regulators of carbon flux rather than being directly involved in carbohydrate metabolism or transport (BRAUN et al. 2006; BAKER and BRAUN 2008) . A threshold model was hypothesized to explain the leaf variegation in tdy mutants: accumulation of a chloroplast byproduct, likely sucrose, above a threshold level induces the formation of a chlorotic tissue phenotype, while quantities below the threshold result in a normal-appearing green leaf region (BRAUN et al. 2006; BAKER and BRAUN 2008) .
Although in many ways the tdy mutant phenotypes are similar to those of sxd1, recent work determined that both Tdy1 and Tdy2 function independently of the Sxd1 pathway MA et al. 2008) . Furthermore, genetic analyses suggest that the two Tdy genes function in the same pathway . Tdy1 encodes a novel, phloemexpressed, predicted transmembrane protein (MA et al. 2009 ). The molecular identity of Tdy2 is not known.
To gain insight into additional genetic regulators of carbon flux and allocation, we have identified many new loci controlling carbohydrate partitioning in maize leaves from a large collection of variegated, chlorotic mutants. Here, we characterize the psychedelic (psc) mutant, named because of the unique pattern of chlorotic and green leaf variegation reminiscent of the fabrics and art associated with the "hippie" movement of the 1960s. psc mutants display stable, nonclonal, chlorotic and green regions within leaf tissues. psc green tissue is comparable to wildtype green tissue, whereas psc chlorotic tissue hyperaccumulates starch and soluble sugars. To investigate the role Psc plays in controlling carbohydrate accumulation in maize leaves, we characterized the psc mutant phenotype and performed genetic analyses to determine if Psc functions independently of the previously identified maize genes regulating carbohydrate partitioning. fluorescent microscope with a 100-W mercury lamp as described (BAKER and BRAUN 2007) .
MATERIALS AND METHODS

Growth
Aniline blue staining of callose was performed according to MA et al. (2008) .
Carbohydrate quantification: Carbohydrates were quantified according to STITT et al. (1989) . Morphometric analyses: Morphometric analyses were done as described (BRAUN et al. 2006; BAKER and BRAUN 2007; MA et al. 2008) . N = 12 for all parameters unless noted otherwise in figure legends and replicates were collected from two segregating families grown in separate field locations in the summer of 2008.
RESULTS
Identification of a new variegated maize mutant with starch hyperaccumulation in leaves:
To identify additional genes controlling carbohydrate partitioning, we screened for mutants with phenotypes that resembled the tdy mutants. A spontaneous mutation arose in a B73 inbred line and was found to produce stable, nonclonal, variegated chlorotic leaf tissues ( Figure 1A , C). The stable, nonclonal phenotype indicated that the mutation is not caused by transposable element insertion or excision (POETHIG and SZYMKOWIAK 1995; BRAUN et al. 2006) . The new mutant phenotype differed subtly from the tdy or sxd1 mutant phenotypes in that the chlorotic regions appeared to be more longitudinally streaked and more likely to be localized toward the leaf margins ( Figure 1C ). To assess whether the chlorotic regions contained excess carbohydrates, we stained mutant and wild-type leaves with IKI at the end of the night. Wild-type leaves contained little starch, as indicated by the pale yellow color of the tissue ( Figure 1B ). However, the mutant leaves contained abundant starch within the chlorotic regions, as evidenced by the dark brown coloration ( Figure 1D ). The green regions of mutant leaves did not appear to contain elevated starch contents. Therefore, the chlorotic leaf regions, like those in the tdy and sxd1 mutants, hyperaccumulated starch.
To determine which photosynthetic cells accumulated excess starch in the mutant, histological analysis was performed. In wild-type leaves, at the end of the night, trace amounts of starch were present only in the bundle sheath cells ( Figure 1E ). Green tissue from mutant leaves showed a similar pattern and level of starch deposition ( Figure 1F ). However, in the mutant chlorotic leaf tissue, large quantities of starch were observed in both the bundle sheath and mesophyll cells ( Figure 1G ). Hence, the starch accumulation pattern within the chlorotic tissues of the new mutant was similar to the tdy and sxd1 mutants BRAUN et al. 2006; BAKER and BRAUN 2008) .
To investigate if the new mutation might be a new allele of tdy1, tdy2 or sxd1, we performed complementation crosses. In all cases, the F1 appeared normal, and the mutants complemented each other. These data, along with genetic analyses (see below), suggested that the new mutation represented a distinct locus, which we named psychedelic (psc) based on its variegated appearance.
The psc phenotype displays duplicate-factor inheritance in some genetic backgrounds: To characterize the inheritance of the psc trait, wild-type heterozygous siblings were self-pollinated.
The psc phenotype segregated 1 mutant to 3 wild type in the progeny, suggesting a single recessive mutation in the B73 background (Table 1) . However, this result differed in other genetic backgrounds. psc phenotypic individuals from the B73 line were crossed to the Mo17 inbred line and self-pollinated. Interestingly, the F2 generation segregated the psc mutant phenotype in a 1: 15 ratio, suggesting duplicate-factor recessive inheritance (Table 2 ). To test this hypothesis, the F1 plants were backcrossed to the psc mutant in B73. The F2 progeny segregated psc mutants in a 1: 3 ratio rather than a 1: 1 ratio, supporting duplicate-factor inheritance ( Table 2) . Similar results were obtained when the same backcrossing scheme was performed with the W22 and A188 inbred lines (Table 2 ). These data indicate that the B73 inbred line is homozygous mutant for one of the unlinked psc duplicate loci, whereas the other inbred lines tested each carry two functionally redundant genes.
Soluble sugars hyperaccumulate in psc chlorotic regions and are associated with decreased photosynthesis: To examine whether soluble sugars hyperaccumulated within psc leaves, we quantified their levels in leaves that were harvested at the end of the day, when carbohydrate contents peak. Green tissue in psc leaves had carbohydrate levels similar to wild type (Table 3) .
However, soluble sugars (sucrose, glucose and fructose) and starch amounts were significantly increased in the psc chlorotic regions (Table 3 ). These data indicate that the carbohydrate partitioning defect in psc was not exclusive to starch, but also affected soluble sugars.
Sugars have been demonstrated to repress photosynthetic gene expression and chlorophyll abundance in maize and other plants (SHEEN 1990; GOLDSCHMIDT and HUBER 1992; SHEEN 1994; KRAPP and STITT 1995; KOCH 1996; JEANNETTE et al. 2000) . Because of the high sugar levels in psc chlorotic leaf tissues, we investigated the photosynthetic capacity of mutant and wild-type leaves. Green tissues in psc leaves had chlorophyll levels, photosynthesis and stomatal conductance rates similar to wild type (Table 3) . However, the chlorotic regions displayed photosynthesis and gas exchange rates of only 4-9% of those observed in wild type (Table 3) . Additionally, psc chlorotic tissues had approximately 31% of the chlorophyll detected in the green tissues of psc or wild-type leaves. Hence, the excess accumulation of photoassimilates in psc chlorotic regions correlated with a downregulation of photosynthesis, decreased chlorophyll levels and the closure of stomata.
Starch accumulation precedes chlorosis in developing psc leaves:
In the tdy1 and tdy2 mutants, starch hyperaccumulation precedes formation of chlorotic tissues (BRAUN et al. 2006; BAKER and BRAUN 2008) . To investigate whether carbohydrate accumulation also preceded chlorosis in psc leaves, we examined psc mutant and wild-type leaves in the process of emerging 13 from the whorl. Developing leaves of psc mutants displayed chlorotic regions toward the mature tip of the leaves, but lacked chlorotic regions toward the immature leaf base (Figure 2A , C). To inspect carbohydrate accumulation, we stained the leaves with IKI to monitor starch deposition.
Wild-type leaves showed uniform, pale coloration and lacked any differential starch accumulation ( Figure 2B ). As expected, visible chlorotic regions within psc leaves showed strong starch staining ( Figure 2D ). However, the middle portion of psc leaves showed starch accumulation but did not display any observable difference in chlorophyll content ( Figure 2C ).
These data imply that the visible chlorosis evident in psc mutant leaves is not directly due to defective chloroplasts which accumulate excess carbohydrates. Instead, they suggest that the build-up of carbohydrates leads to the downregulation of chlorophyll accumulation in leaf tissues.
Chlorotic tissue boundaries are fixed and do not expand:
The chlorotic phenotype of psc mutant leaves appears soon after leaves emerge from the whorl and after carbohydrates have begun to accumulate in discrete regions. To determine if increased accumulation of carbohydrates resulted in the progressive expansion of chlorotic tissue, as seen in sxd1 mutant leaves , we monitored the formation of a psc chlorotic region over time. One day after a leaf began emerging from the whorl it had a uniform, pale-green appearance and no chlorosis was visible (data not shown). Two days after leaf emergence commenced, chlorotic regions first appeared ( Figure 3A ). Visible chlorotic regions were outlined to mark their boundaries and thereby follow their development. Seven days after emergence, the leaf tip had fully matured. The chlorotic tissue had not increased in relative size as indicated by the black outline appearing coincident with the boundary between green and chlorotic tissues ( Figure 3B ).
14 Continuing to monitor the leaf for ten additional days showed that the boundary was stable ( Figure 3C, D) . Hence, we propose that the formation of a psc chlorotic region occurs soon after leaf emergence, and that the tissue boundaries in mature leaves are permanent once formed, similar to tdy1 and tdy2 (BRAUN et al. 2006; BAKER and BRAUN 2008) .
High light induces the psc chlorotic phenotype: Expression of the tdy mutants chlorotic phenotype and the hyperaccumulation of carbohydrates require growth under high light (BRAUN et al. 2006; BAKER and BRAUN 2008) . To test whether light intensity influenced psc phenotypic expression, we grew wild-type and psc mutant plants in high-or low-light growth conditions. In high light, strong chlorotic regions were evident in psc leaves, whereas wild-type leaves appeared uniformly green ( Figure 4A, B) . However, in low light, no chlorotic regions were visible in psc or wild-type leaves ( Figure 4C, D) . These data suggest that high light is required to induce the psc phenotype, consistent with the idea that high rates of carbon assimilation underlie the formation of psc chlorotic leaf regions.
Veins are frequently found at psc tissue boundaries: Similar to the tdy mutants (BAKER and BRAUN 2007; BAKER and BRAUN 2008) , the boundaries between the different psc leaf phenotypic regions are often sharp ( Figure 5A ). To ascertain the nature of these boundaries and what may limit the expansion of a chlorotic region, we histologically examined these tissues for morphological features. In the proximal-distal axis of the leaf, no obvious morphological landmarks were found at the tissue boundaries. However, along the midrib-margin axis, approximately 70% of the distinct boundaries between psc green and chlorotic tissues occurred at large veins (Table 4) . To determine whether the carbohydrate hyperaccumulation phenotype likewise showed a discrete boundary between chlorotic and green tissues, we analyzed leaf cross-sections from tissues harvested at the end of the night. Staining with IKI revealed that the boundary for both the tissue and starch accumulation phenotypes occurred at the large vein; psc chlorotic regions on one side of the vein contained abundant starch in the bundle sheath cells, whereas the green tissues on the other side of the vein had only trace amounts of starch ( Figure   5B ). In addition to large veins, 22% of the sharp boundaries between chlorotic and green tissue occurred at intermediate veins (Table 4 ). Starch staining revealed that the intermediate vein was
also the boundary between greatly different levels of carbohydrates in the two tissues ( Figure   5C ). Intriguingly, for both the large and intermediate vein boundaries, chlorotic tissue adjacent to green tissue contained less starch than chlorotic tissue far from the tissue boundary (compare
Figure 5B, C with Figure 1G ). Indeed, a gradual increase in starch accumulation in bundle sheath and mesophyll cells could be observed as the distance from the tissue boundary increased ( Figure   5D , E). Therefore, we infer that translocation of a mobile compound through the veins may influence the tissue phenotype.
Carbohydrate retention in psc leaves is correlated with decreased plant growth and yield:
tdy and sxd1 mutant plants show decreased growth and yield BRAUN et al. 2006; BAKER and BRAUN 2008; MA et al. 2008) . Because psc mutant leaves retain large amounts of carbohydrates, we hypothesized that less sucrose would be delivered to developing tissues and result in reduced plant growth and development. To assess this idea, we quantified plant height, leaf production, time to flowering and reproductive traits. At maturity, psc mutant plants were ~12% shorter than wild type and produced about two fewer leaves ( Figure 6A ; Table 5 ). psc mutants also displayed a number of reproductive defects. The mutants were approximately four days delayed in pollen shed and in producing silks relative to wild type (Table 5 ). The mutants also showed about a 25% reduction in ear length, tassel length and kernel number, and a ~40% decrease in tassel branch number compared to wild type (Figure 6B , C; Table 5 ). Additionally, the average kernel weight was reduced 18% in psc mutants. All of these phenotypes are consistent with carbohydrate retention within leaf tissues, which results in the failure to export enough sugars to sustain the growth of developing organs BLAUTH et al. 2001; NIITTYLA et al. 2004; BRAUN et al. 2006; BAKER and BRAUN 2008; SLEWINSKI et al. 2009 ).
Psc functions independently of Tdy1, Tdy2 and Sxd1: To determine whether Psc might function in the same genetic pathway as either the Tdy or Sxd1 genes, we generated double mutant families in the B73 background that segregated for psc and each of the other single mutants. In all F2 families, the psc mutation segregated independently from tdy1, tdy2 and sxd1, in each case exhibiting a segregation ratio that conformed to a 9: 3: 3: 1 expectation (Tables 6,   S1 ). These data support the findings from the complementation tests, indicating that the psc mutation defines different genes than those previously identified to function in carbohydrate partitioning in maize. Furthermore, these data indicate that Psc shows no epistatic relationships with Tdy1, Tdy2 or Sxd1.
To investigate potential genetic interactions between psc and the tdy and sxd1 mutants, we characterized the F2 families for plant growth and time to reproductive maturity. At the whole-plant level, psc and tdy1 single mutants were 10-12% shorter than wild-type siblings ( Figure 7A , Table 7 ), whereas the psc; tdy1 double mutant plants were 25% shorter than wild type. Similarly, both psc and tdy1 single mutants each flowered about five days later than wild type, while the double mutant was twice as slow to shed pollen or extrude silks (Table 7) . Hence, the psc; tdy1 double mutants displayed approximately double the phenotypic severity in plant height and time to flowering compared with the single mutants, suggesting an additive genetic interaction.
To test this hypothesis, we analyzed leaf chlorosis and starch accumulation in the F2 plants. Leaves of the psc; tdy1 double mutant exhibited a greater percentage of chlorotic tissues compared to either the psc or tdy1 single mutants, but still contained some distinct green regions ( Figure 7B ). Double mutant leaves also accumulated significantly more anthocyanins than the single mutants. Anthocyanins have been shown to accumulate in tissues containing high levels of carbohydrates that are experiencing osmotic stress CHALKER-SCOTT 1999; BAKER and BRAUN 2007) . IKI-staining the leaves confirmed that all of the chlorotic tissue contained excess starch, whereas the green regions of the single and double mutants appeared similar to wild type ( Figure 7C ). Within the double mutant leaves, the two single mutant variegation patterns appeared to independently overlay one another. Some leaf areas displayed the streaked, longitudinal chlorosis associated with the psc mutant phenotype ( Figure 7D , arrow), while other regions showed the distinctive appearance of a tdy1 chlorotic region ( Figure 7D , arrowhead). Moreover, there were regions in which the two distinct variegation patterns overlapped. Leaf regions expressing both mutant phenotypes exhibited more severe chlorosis than either single mutant ( Figure 7D , asterisk). This strongly chlorotic tissue was visible before, accumulated anthocyanins earlier and progressed to necrosis sooner than adjacent leaf tissue expressing only one of the chlorotic mutant phenotypes (data not shown). Hence, the leaf chlorosis and excess starch phenotypes in the double mutant leaves appeared to result from the 18 independent expression of each single mutant phenotype, suggesting that Psc and Tdy1 function in separate genetic pathways.
Similar analyses with tdy2 and sxd1 suggest that Psc function is independent of previously defined pathways regulating carbohydrate partitioning in maize ( Figure S1 , Tables S1   and S2 ). In support of this, psc mutants did not exhibit ectopic callose deposits at the bundle sheath-vascular parenchyma cell interface, which are present in sxd1 mutants, and did not influence this phenotype in the psc; sxd1 double mutant leaves ( Figure S2 ) (BOTHA et al. 2000; BAKER and BRAUN 2008; MA et al. 2008) .
DISCUSSION
We have taken a genetic approach to identify genes that promote carbon export from maize leaves. Previously, three variegated maize mutants, sxd1, tdy1 and tdy2 have been implicated as defective in carbon movement out of leaves. In this report, we describe a new mutant, psc, which hyperaccumulates carbohydrates within discrete chlorotic leaf regions. By characterizing the psc mutant phenotype and its genetic interaction with the other variegation mutants that accumulate excess carbohydrates, we determined that psc defines a new pair of redundantly acting genes regulating carbohydrate partitioning in maize.
Redundant genetic functions may be common in maize, as it is an ancient segmental allotetraploid with multiple duplicated, colinear chromosomal regions (GAUT and DOEBLEY 1997) . Previous studies found functional redundancy for maize genes that map to homeologous chromosomal positions (RHOADES 1951; COE et al. 1981; WRIGHT et al. 1992; MENA et al. 1996; SCANLON et al. 1996) , indicating that the duplicated genes have identical or partially overlapping functions. For the later cases, these are likely caused by subfunctionalization, resulting in diverging tissue-specific expression patterns (LYNCH and FORCE 2000; LANGHAM et al. 2004) .
Indeed, recent analyses of the maize genome revealed hundreds of variants for gene copy number as well as thousands of present-absent variants between the B73 and Mo17 inbred lines (SCHNABLE et al. 2009; SPRINGER et al. 2009 ). These haplotype-specific sequences likely contribute to the tremendous phenotypic diversity present in maize, and may explain differences in inheritance patterns of mutations observed in different maize inbred lines.
Psc promotes carbohydrate export from maize leaves: Hyperaccumulation of starch in the mesophyll cells of C 4 plants is only observed when carbon export is severely perturbed.
Physiological disruptions leading to this phenotype include removing developing ears from adult plants ( ALLISON and WEINMANN 1970) or inhibiting phloem transport by techniques such as girdling (GOLDSCHMIDT and HUBER 1992; KRAPP and STITT 1995; JEANNETTE et al. 2000; SLEWINSKI et al. 2009 ). The psc, sxd1, tdy1 and tdy2 mutants all display carbohydrate hyperaccumulation in both bundle sheath and mesophyll cells within chlorotic leaf regions.
Therefore, this indicates that they are defective in carbon export from leaves BRAUN et al. 2006; BAKER and BRAUN 2008; SLEWINSKI et al. 2009 ).
Similar to the tdy mutants, high light is needed to generate the psc variegation phenotype.
When grown under high-light conditions, psc mutant leaves exhibit stable, chlorotic regions that are first visible two days post emergence from the whorl. These chlorotic tissues form only during a limited developmental period as the leaf emerges, and remain fixed throughout the life of the leaf. Based on these data, we hypothesize that the build up of a photosynthetic byproduct in high light, for example sucrose, triggers psc chlorotic tissue formation during leaf development. Once leaf maturation progresses beyond a developmental time point, the psc mutant phenotype is irreversible. Thus, Psc is predicted to act at or prior to the time when the mutant phenotype is first detectable, potentially when the leaves are still immature sink tissues .
Larger order veins are implicated in psc chlorotic tissue formation. In the lateral dimension, 94% of the psc chlorotic region boundaries occurred at large or intermediate veins, propose that Psc functions to promote carbohydrate export from maize leaves.
Although the psc mutant phenotype resembles those of the sxd1 and tdy mutants in displaying leaf variegation and carbohydrate retention, it is distinct from them in several ways.
For instance, in sxd1 mutant leaves, the phenotype becomes progressively more chlorotic as the leaf ages , leading to premature leaf senescence, which is not observed in the psc mutants. Additionally, in sxd1 leaves, carbon export is blocked by ectopic callose deposition over the plasmodesmata at the bundle sheath-vascular parenchyma cell interface of minor veins (BOTHA et al. 2000) , a phenotype not detected in psc mutants. An additive genetic interaction between psc and sxd1 suggests that Psc acts in a distinct pathway contributing to carbohydrate partitioning in maize leaves.
Both the psc and tdy mutants require high light to induce leaf chlorosis; however, the leaf variegation patterns are distinct. In contrast to the tdy mutants, psc mutants chlorotic regions appear longitudinally streaked and tend to be located near the leaf margins. These differences suggest that the psc and tdy mutant phenotypes are caused by divergent processes, such as different sensitivities to developmental timing, position within the leaf, light perception, signal transduction and/or response. This hypothesis is supported by the variegation phenotype observed in psc; tdy double mutant leaves, wherein psc and tdy chlorotic tissues form independently of each other. Therefore, these data are consistent with the assertion that Psc and the Tdy genes function in separate genetic pathways.
Additive genetic interactions between psc and the tdy mutants in leaf variegation, plant growth and reproductive traits suggest that Psc function is unrelated to the Tdy pathway.
However, it cannot be excluded that psc is a hypomorphic rather than null mutation. If so, it could complicate the interpretation of the genetic interaction experiments. One method to determine the nature of mutant alleles in maize is to perform a dosage analysis (MULLER 1932; BIRCHLER 1994) ; however, the duplicate-factor recessive inheritance of the psc mutation hampers such an analysis. Nonetheless, our characterization of the psc mutant phenotype identifies a new genetic function that when disrupted leads to carbohydrate partitioning defects in maize.
In conclusion, characterization of the psc mutant phenotype and genetic analyses with similar carbohydrate accumulating mutants of maize suggest that the wild-type Psc genes act independently of previously identified genetic pathways. Future work to clone and characterize the Psc genes will elucidate how they redundantly function and contribute to the complex regulation of carbohydrate partitioning in higher plants. Twenty leaves were used for the analysis and five randomly selected, distinct tissue boundaries were analyzed per leaf.
Other refers to no distinguishable feature identified at tissue boundary. 
